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SERT 11 THRUST CORRECTION FOR DOUBLY CHARGED TONS
Ralph R, Peters

The thrust of the SERT II thruster measured in space has been shown
to be slightly less than that calculated from electrical measurements on
the thruster.[]] Since the electrically based thrust was corrected for
ion beam divergence one would expect this thrust difference to be due to
doubly charged ions. In order to verify this postulate the ion beam of a
SERT II thruster was probed using a mass spectrometer suitable for double

and single ion discrimination and the thrust error due to the double ions

present was determined.

Procedure

A SERT II thruster was installed within the Colorado State University
vacuum test facility and operated at the design 100% thrust level. The
thruster had been modified in that it had electromagnets and independent
main and cathode flow systems, but these were controlled in such a way
that in-flight operating data were reproduced to the extent indicated in

Table 1.

Table I - SERT II Operating Conditions

J In-flight Current Test
Arc Current 1.7 A 1.7 A
Arc Voltage 37V 37V
Beam Current 253 mA 258 mA
Mass Flow Rate 313 mA 307 mA
Screen Voltage 3000 V 3000 V
Accel Voltage -1500 V. ' -1500 V
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While operating at the test conditions indicated the ion beam was
probed with an [ x B momentum ana]yzerLZ] and the resultant data were
analyzed in the manner described in Appendix A to obtain the double and

single ion current contributions to the measured beam current,

Results and Conclusion

The double-to-single beam ion current ratio (I++/I+) determined for
the SERT II thruster at the Table I operating conditions was 7.8%. The

ratio of true thrust to that which would be calculated assuming only

singly charged ions and operation at the measured beam current is given by:

+4+
S
Doubie Ion 1t
Thrust Correction = R — (1)
Factor (1+ 171 )

Substitution of the measured double-to-single current ratio into
this expression yields a double ion thrust correction factor of 0.98,
The SERT II thrust level as determined from miniature electrostatic
accelerometer measurements in space was 27.4 mN + 1%.[]] The thrust
calculated from electrical measurements and corrected for ion beam d1-
vergence was 28.2 mN + 2.2%.[1] Multiplying this calculated thrust by
the double ion correction factor yields a thrust of 27.6 mN which agrees

with the measured thrust to well within the accuracies involved.




DOUBLY CHARGED [ON PRODUCTTOM IN EFCTRON
BOMBARDMENT THRUSTERS

Ralph R, Peter,

Doubly charged ions are generally considered an undesirable component
of an electron bombardment thruster plasma because of the sputtering
damage they cause. In order to select design and operating constraints
which minimize doubly charged ion concentrations it is desirable to have
an accurate model describing the mechanisms by which they are produced and
Tost. This work describes such a model and its verification through tests
on the 15 cm diameter SERT II mercury ion thruster, Although this particu-
lar work is applicable to mercury discharges only, the procedure should

apply equally well to other propellants,

Theoretical Model

The reactions which are considered important in the production and

loss of fons in mercury, electron bombardment ion thrusters are illustrated

in Figure 1. The symbols used in the figure represent the following species:

Hg0 - neutral ground state mercury

Hgm - metastable neutral mercury (63P0 and 63P9 states)
ng - resonance state mercury (6]P] and 63P1 states)
Hg+ - singly ionized ground state mercury

Hgm+ - singly ionized metastable mercury (6203/2 and 6205/2 states)
Hg++ - doubly ionized ground state mercury
The arrows in Figure 1 indicate the various interaction routes con-
sidered in this analysis. They show for example that ground state singly
charged ions can be produced from neutral qround state, resonance state,

and metastable state atoms and that they can be lost as a result of single

fon migration to the pla.ma boundary and production ot metastahle double
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fons and double ions by electron hombardment . The intermediate resonance
and metastable states used in the analysis were salected because they have
significant electron impact cross sections of formation over the electron
energy range of interest and sufficiently Tong effective lifetimes so that
| they can enter into jon production processes before they decay. In going

to the plasma boundary an excited atom or an ion couid be going to a dis- e ]

—

charge chamber wall where it would be neutralized and returned to the
discharge as a neutral ground state atom or it could be going through a
grid aperture in which case it would be extracted from the discharge region

and replaced by a neutral atom from the propellant feed system. In either

e e

case this process represents a loss rate for any of the excited states.
These losses to the boundary are indicated in Figure 1 by the dotted lines

to the wall of the chamber and then a large arrow back to the neutral ground

state. As suggested by Figure 1 resonance state atoms can also be lost by 1
photon diffusion. These atoms have short lifetimes for spontaneous photon
emission but the emitted photon is readily absorbed by an adjacent ground
state atom thereby producing another resonance state atom. Since the
transport time of the photon is ..all compared to the excited state 1ife-
time the excited state can be considered to exist continuously. The nhoton
can however eventually diffuse to a boundary where it will be lost. This
is equivalent to the loss of a resonance state atom; a loss mechanism
represented in Figure 1 by a dotted line conveying a photen to the wall and
a branching line going from the resonance atom to the ground state atom.
The determination of the various specie densities requires the

equating of production and loss rates for each specie in accorddnce with

the above model and as outlined in Reference [3]. Where nossible, cross

sections for the reactions implied by Piqure 1 were selected from published
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experimental data, L exporimential cvons oo, were not avail-
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able, theoretical cross seclions were ofther oblbained Trom Lhe Titerature
oy caleulated using the Gryzinaki dppFUXiMdLinH.lHl AL veactions except
those occurring at the plasma boundary were considered Lo he induced by
electron bombardment. The bombarding electron (qroup was assumed to consist
of a Maxwellian component (defined by a density and temperature) and a
monoenergetic or primary component (defined by a density and energy).

The model assumes electron induced reactions occur only within the
primary electron region of the thruster defined by the surface of revolu-
tion of the critical fieid line and screen grid because of the higher
electron energies and densities that exist in this rcgion. Diffusion loss
effects are on the other hand dependent on the conditions at the surface
of this region. In order to obtain accurate results from this model it
was necessary to input to the computer program appropriately weighted
volume and surface area averaged eleclron properiies. The equations used

in the model are described in detail in Retevence [3].

Procedures and Results

Verification of this theoretical wodel of double ion production and
loss mechanisms requires essentially simultaneous measurement of the plasma
properties within an operating thruster and the single and double ion con-
tent of the ion beam. These measurcments werc made on o SLRT IT thruster
operating at three different arc voltage condition. and with two different
sets of giids (SERT LT and hidgh perveance dished mridy ). The plasma proper-
ties were meastred using the movable anamaiv probe and recording system

deneribed in Reterence (9], The aociated Lonauuiv probe traces were

coliectod with the probe at cisteen dittovent pornis an Lhe discharge chamber,

O
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and the data were then analyzed using the numerical method described in
Reference [10].

An E x B momentum analyzer was used to measure the total double and
single ion currents in the beam in accordan.e with the procedure for data
acquisition and analysis described in Appendix A. The integrated double-
to-single ion current ratios obtained using this procedure are listed under
the measured operating data section in Table I.

A typical set of plasma property profiles obtained with the standard
SERT II grids and during operation at a 37V arc voltage is presented as
Figure 2. Also identified is the critical field line determined from iron
filings maps for this thruster. Volume and surface area averaging of these
properties over the primary electron region defined by this field line
yields the values designated as computer program input parameters in the
second row of Table I, These measurement, analysis and averaging pro-
cedures were repeated for each grid and operating condition investigated.
The resultant averaged plasma properties, which are Tisted in Table I
together with the geometrical properties of the primary electron region
and the grids were then used as input to the computer model which has been
described. The densities of the ionic and excited atomic species considered
in the analysis were computed, these densities were normalized with the
total heavy particle density in the thruster and they are listed as cal-
culated normalized densities in Tabie I. The results of Table I show for
example that the thruster operating with flat grids at 37V arc voltage
would be predicted to have 68 neutral ground state atoms, 18 neutral
resonance state atoms, 6.87 singly charqged qround state ions and 0.7

doubly charged ground state ions,

_ .
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Finally the calculated production rates for singly and doubly charqged
ions produced through the various intermediate states and normalized by
the total production rate for the specie are indicated in Tab e I along
with the fraction of the associated interactions effected by primary elec-
tron~ (in parenthesis). For example at the 37V, flat grid operating point
607 of the single ions were produced as a result of electron interaction
with neutral ground state atoms. These neutral ground state-to-single
jonic interactions were induced by primary electrons 22% of the time and
by Maxwellian electrons the remainder (78%) of the time.

The data of Table I show the resonance and metastable atom states
are important intermediate states for the production of single ions. They
also show that while the singly charged ionic ground state is the most
important intermediate state in the double ion production chain, its im-
portarice drops off at higher arc voltages where electron temperatures and
energies become sufficient to ionize ground state neutral mercury directly.

The measured double-to-single ion current ratio given in Table I
divided by the quantity (2 v2) is equal to the double-to-single ion density
ratio prevailing in the discharge region. The value of this density ratio
is compared to that calculated using plasma properties in Figures 3 and 4
for the operating configurations identified in Table I. The double-to-
single ion density has been plotted against both propellant utilization
and arc voltage in these figures and the fiqures show the most consistent
correlation occurs with propellant utilization. The aqreement between
theory and experiment is observed to be within 267,

Because the dished grid thruster operates at higher flow rates and
boam currents the absolute magnytude ol the double ion density is also

Signiticantly hrgher in this thnuster. The extent ot the difference in
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double ion density predicted by the computer model for the two thruster
grid systems is shown in Figure 5 and is seen to be 2 to & times higher

in the dished grid thruster.

conclusion

The mercury discharge model and analysis presented yield double-to-
single ion density ratios which agree with experimental measurements to
within 25%. The analysis shows that doubly charged mercury jons are
produced predominantly via the singly jonized ground state with direct
ground state neutral-to-double ion production becoming more significant
at high propellant utilizations. Singly charged ions are produced in
significant numbers from intermediate metastable and resonance states in

addition to direct ionization from ground state neutrals.
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SINGLE CUSP MAGNETIC FIELD THRUSTER

John R. Beattie

The single cusp magnetic field (CMF) discharge chamber geometry has
been investigated as a viable approach to achieving a uniform current
density in the exhaust beam of an electron-bombardment ion thruster. The
importance of achieving a uniform profile and the single cusp magnetic o

field concept are discussed in detail in References [11 and 12].

.,
. ‘ None? ¥ 2

The cusped magnetic field geometry was chosen on the basis of applying
a neutral residence time criterion to a divergent magnetic field geometry.
This approach suggested the beam profile of a divergent field chamber could
be made more uniform by increasing the ionization probability at the thruster
periphery and by confining the axial magnetic field to the chamber wall.
This would result in a uniform ion density in the vicinity of the screen

grid and, as a result, a uniform ion beam profile.

The effectiveness of the uniform ion density approach to achieving a

uniform beam profile has been demonstrated in the past by the radial field

‘chr‘uster[]"s:I and more recently by the multipole thruster.[14] The beam
profile flatness parameter F (defined as the ratio of average to maximum
beam current density) of the radial field design was 0.67 using mercury as
the propellant while the multipole design was in the 0.70 to 0.75 range
using argon and xenon as the propellants. Typical values for the SERT II
divergent field thruster are 0.40 to 0.49, Faraday probe data presented

in this report will show the cusped field discharge chamber has a beam

flatness parameter in the 0.70 to 0.82 range. !

fpparatus
A SERT II discharge chamber was modified to produce the cusped

magnetic field geometry illustrated in Figure 6. The changes consisted
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of the addition of a center magnet pole piece and the installation of a
movable rear anode in the upstream end of the discharge chamber. The
thruster length-to-diameter ratio (L/D) could be varied by replacing the
downstream section of the chamber. Additional modifications included the
replacement of the SERT II permanent magnets with independent front and rear
electromagnets and the installation of a variable magnetic baffle. By re-
versing the polarity of the magnet power supplies, the cusped magnetic
field geometry could be converted to a divergent field geometry. Iron
filings maps of the cusped and divergent fields are presented in Figure 7
for a chamber length-to-diameter ratio of 0.53.* The SERT II accelerator
system was replaced with a compensated dished grid optical system and the
propellant feed system was modified to permit independent control of the
main and cathode flow rates. The main and neutralizer cathodes were re-
placed with 0.5 mn diameter orifice cathodes to facilitate sustained
thruster operation at high beam currents.

A movable Langmuir probe was installed inside the discharge chamber
to obtain plasma diagnostic information. In addition, a Faraday cup probe
which could be swept through the ion beam at any desired axial location
was installed to obtain beam currert density profiles. An E x B momentum
ana]yzer[z] was installed in the vacuum facility to measure the charge-to-
mass composition of the ion beam. The analyzer installation was designed

to permit the instrument to be swept through the ion beam with the probe

The Tength-to-diameter ratios referred to in this veport are 0,23, 0.30,
and 0.53. These differ slightly from the previously reported value, of
0.3, 0.4, and 0.6, The difference is due to a slightly difterent defini-
tion of the length L and does not imply a geometrical ditference,
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pitched at various angles,  This permitted the single and double jon dis-
persion profiles to he detovmined as a Fmclion of thruster radius.

ATT data preosented wore oblained at 11V and -0.5kY screen and /°
accelerator grid potentials ad 0,30 keeper current.,  Solid symbols have
been used on performance curves Lo indicate the 37V arc voltage condition.
Discharge power calculations ir.lude the keeper losses and the total propel-
Tant flow rate was 730 mA unless indicated otherwise.

Langmuir probe data presented herein were analyzed by the numerical
procedure of Reference [10]. E x § momentum analyzer data were recorded
and analyzed using the procedure outlined in Appendix A. Details of the
Langmuir and Faraday probe installations are given in References [9 and 15].

A schematic diagram of the E x B momentum analyzer circuit is presented in

Reference [14].

Beam Profile
The beam profile flatness parameter measured at a distance of 6 mm
downstream of the accelerator system is presented as a function of chamber
length-to-diameter ratio in Figure &, Beam profile data reported in
Reference [11] which were obtained at a distance of 50 mm downstream of the
grids are also presented. The trends are seen to be the same for both
probe Tocations and the two curves are shifted by almost a constant amount.
The data recorded close to the accelerator qrid indicate a 100 increase in
the beam flatness pavameter was vealized with the shorter discharge chamber,
Lon heam curvent density protiles measived 6 o downs tream ot the
acceleratoc qrid ave prescented in Viguee 9 tor the SERT 11 and cusped
tield thrusters.  Thewe data were novimalizod cach that the integrated

beam current 1o the wame fov cach pmotite,  When novmaliced in thio manner,
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the reciprocal of the peak normalized density is numerically equal to the
flatness parameter. The data of Figure 9 indicate a siqgnificant improve-
ment in beam profile flatness parameter has been realized with the cusped
field discharge chamber design., The beam flatness parameter for the cusped
field thruster having a length-to-diameter ratio of 0.23 is seen to be 40Y
greater than the SERT II value at the same operating conditions.

The effect of magnetic field geometry on beam profile is illustrated
in Figure 10. These data are presented for the cusped and divergent magnetic
field geometries with a discharge chamber length-to-diameter ratio of 0.23.
The effectiveness of the cusped field design in achieving a more uniform
beam current density is evident when comparing these profiles. The diver-
gent field data of Figure 10 and the SERT II data of Figure 9 indicate the
short chamber divergent field geometry has a flatness parameter which is
27% greater than the SERT II value. Beam profile comparisons for the cusped
and divergent field geometries were found to have the same trend as shown
in Figure 10 for the intermediate and long chamber lengths. The effect was
less pronounced for the long chamber (100% of SERT II length) as one might
expect. This occurs because the magnetic field is largely axial over the
entire chamber cross section for both configurations as illustrated in
Figure 7. As the cusped field chamber length is reduced however the axial
component of the field is significant only near the chamber wall. This
results in a uniform plasma density over much of the downstream region of
the discharge chamber,

The axial location of the movable rear anode was found to have little
effect on the beam profiles of either the cusped or divergent field

qgeometries for all length-to-diameter ratios investigated. This is to be

AWl . e iame wad
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expected since the anode position primarily determines the chamber volume-
to-area ratio and had little effect on the plasma density profile at the
screen grid.

The effect of throttling on the beam current density profile is seen
by comparing Figures 10 and 11 for the cusped field geometry having a length-
to-diameter ratio of 0.23. The improvement in the beam flatness at the
throttled flow condition is thought to be due to the presence of fewer
double ions at the lower ion beam current. Since double ions are produced
mostly from single ions, the double ions are preferentially produced near
the center of the discharge chamber where the plasma density is highest.
This condition combined with the larger Bohm velocity near the chamber wall
suggests the double ion density profile would be more peaked than the single
ion profile. Experimental measurements of the double and single ion current
density profiles indicate that this is in fact the case. The argument pre-
sented above would also explain the dependence cf the cusped field thruster
beam flatness on propellant utilization at a fixed propellant flow rate.
The effects of throttling and propellant utilization on double jon content

have not been studied experimentaily to verify this theory however.

Performance

The cusped magnetic field thruster was operated initially using an
uacompensated dished grid accelerator system having the dimensions listed
in Tabie II. Performance data for this thruster confiquration were reported
in Reference [11] and are reproduced in Fiqure 12 for comparison with data

obtained during the current reporting period. figure 13 presents pertormance

data obtained with a set of compensated dished grids having the dimen-.ion<

listed in Table 11. Both Fiqures 12 and 13 indicate a substantial improvement
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TABLE IT. ACCELERATOR SYSTEM DIMENSIONS

Uncompensated Compensated
Screen Accelerator Screen Accelerator
Thickness 0.46 mm 0.46 mm 0.38 mm 0.51 mm
Hole Spacing 2.5 mm 2.5 mm 2.08 mm 2.08 mm
Hole Diameter 2.0 mm 2.0 mm 1.91 mm 1.6 mm
lOpen Area 58% 58% 76% 54%

in thruster performance was realized as a result of reductions in the dis-
charge chamber length. A comparison of Figures 12 and 13 reveals signifi-
cant reductions in baseline discharge losses were realized with the compen-
sated grid set which has a thicker accelerator grid with smaller hole
diameters and the larger open area screen grid. Also, the performance data
for the chamber having a length-to-diameter ratio of 0.30 indicates a marked
difference in the shape of the curves at high propellant utilization. The
reason for this apparent discrepancy is not known. Since the data of Figure 13
exhibit a more consistent trend with discharge chamber length reductions, the
data of Figure 12 are felt to be the source of this discrepancy. The apparent
error in Figure 12 could be due to an error in the flow rate data for the
chamber length-to-diameter ratio of 0.30. If the measured flow rate was high
the calculated propellant utilization would be less than the true value and
the performance curve would be shifted to Tower utilizations. This would
explain both the presence of the "knee" in the data of Figure 12 and the dif-
ference in baseline losses for the short and intermediate chamber lengths.

The effect of discharge chamber length on performance for the diver-

gent magnetic field qgeometry is illustrated in Fiqure 14, The baseline

-
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discharge losses are seen to decrease with a reduction in chamber length

as was observed with the cusped magnetic field geometry. The increase in
propellant utilization observed with the shorter discharge chamber appears
anomalous at first glance, bu. is in agreement with both neutral loss rate[]s]
and double ion production[B] theories when the volume-to-surface area ratios
of the three configurations are taken into account. Iron filings maps of

the magnetic field existing in the three configurations indicate the primary
electron region volume-to-surface area ratio increases as the chamber length
is reduced. Since theory predicts an increase in double-to-single ion density
ratio and a decrease in neutral loss rate withuincreasing volume-to-area
ratio, the shifting of the performance curve to higher propeliant utiliza-
tions is expected. The volume-to-area ratio of the short and intermediate
chambers was found to be about the same and the crossover of the two curves

is probably due to differences in the plasma properties existing in the two
chambers.

Perhaps the most notable difference between the cusped field and
divergent field performance data is the presence of a "knee" in the diver-
gent field data and the lack of one in the cusped field data. This is
illustrated in Figure 15 which is a comparison of the cusped and divergent
field performance for a chamber length-to-diameter ratio of 0.53. The
cusped field data suggest a significant double ion population exists in
this chamber at the high utilization conditions. The flattening of the
performance curve illustrated in Figure 15 for the long discharqge chamber
is also apparent for the shorter chambers as can be seen by comparison of
Figures 13 and 14,

The effect of rear anode position on thruster performance was found

to be the same for all three discharge chamber Tengths and both magnetic
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field geometries. In each case the downstream movement of the rear anode
resulted in a decrease in beam current for the same power input. This

effect has the tendency to shift performance data to lower propeliant

utilization and higher discharge losses. The reason for the performance

degradation is due to a reduction in both the primary electron energy and

oz

Maxwellian electron temperature as will be shown in the section on plasma

Ry

properties.

itmissindher

Double Ionization

Double and single ion beam currents were obtained by the use of an

st sk,

articulating E x B momentum ana]yzer.[z] Details of the data acquisition
w;) and reduction jrocedures are presented in Appendix A. The double-to-

single ion current ratios presented in this section were measured at the

thruster conditions indicated by solid symbols on the corresponding per-

formance curves. Figure 16 presents the double-to-single ion beam current

[N NPEN V

ratio as a function of chamber length-to-diameter ratio for the cusped
magnetic field geometry. Since the double-to-single ion density ratio is
equai to 1/(2 vZ) times this current ratio these data suggest a chamber length
exists which results in a minimum double-to-single ion density ratio. Double
ion production theor‘y[?':I predicts a linear dependence of the double-to-single ;

e ion density ratio on the chamber volume-to-surface area ratio. The non-

linear nature of Figure 16 suggests the plasma properties also vary with

chamber length. The variation of the plasma properties with disckarge

chamber geometry and magnetic field configuration will be discussed in the 3

next seclion, |
Figure 17 presents the double-to-single ion beam current ratio as a

function of chamber lenqgth-to-diameter ratio for the diverqgent maanetic

field qeometry. Here the effect of chamber lenqth on the double ion
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population agrees fairly well with the theoretical dependence on volume-
to-area ratio which generally decreases with chamber length. The nonlinear
nature of the data of Figure 17 again suggests however a slight variation
in the plasma properties with discharge chamber length.

The effect of the rear anode location on the double-to-single ion
density ratio is seen from Figures 16 and 17 to be essentially the same for
each chamber length and magnetic field geometry. The reduction in the
double-to-single ion density ratio associated with the downstream anode
position is consistent with the reduction in the volume-to-surface area
ratio caused by the anode movement. However, the effect illustrated in
Figures 16 and 17 is not due entirely to volume-to-surface area ratio
changes. Langmuir probe data presented in the next section indicate the
downstream movement of the rear anode had a large effect on the Maxwellian

electron temperature and primary electron energy.

Plasma Properties

The cusped field thruster discharge chamber theory[]]’ 12] has

suggested electrons have the tendency to be trapped in a magnetic bottle
region which exists in the upstream end of the chamber. This theory was
verified for the three different discharge chamber lengths by Langmuir
probe measurements. The variation of the plasma electron density with
axial distance is presented in Figure 18 for each discharge chamber length
and both the cusped and divergent magnetic field geometries. The parameter

r/r shown on these curves is the nondimensional radius at which the

anode
probe sweep was made. Comparison of the cusped and divergent field data
clearly indicates the axial density profile of the divergent field geometry

is quite uniform while the cusped field protile is highly nonuniform, The




ELECTRON DENSITY X107'° (cm~3)

-36~

50 CENTER POLE PIECE
‘ o CUSPED MAGNETIC FIELD
- O DIVERGENT MAGNETIC FIELD
30
'/'onode =0.59
A. L/D=0.23
50

W
O
T 1
o

o r/ronode = 0.59
QL f/fonode = O. 88
B. L/D=0.30
50r
30r r/Yanode =0.59
IO+

|

1
0 20

| 1 J

1
40 60 80
AXIAL POSITION (mm)

C.L/D=0.53

PLASMA PROPERTY VARIATIONS

FIGURE 18

‘ .-,

e P

2 ke




o

. __j_,f.r‘f~7_~Jg‘<!; if l '

-37-

cusped field profiles indicate the presence of a localized region where the

electron density is as much as ten times the value near the screen grid,

The axial location of this localized region of high electron density cor-

responds to the position of the cerier magnet pole piece., Figure 18C indi-

cates an increase in the plasma electron density near the screen grid for
the divergent magnetic field geometry. This increase occurs because the
probe crosses the critical field line and enters into the primary electron
region as it moves downstream. This can be visualized by considering the
iron filings map of Figure 7B. The Maxwellian electron temperature and
primary electron energy were found to exhibit trends similar to those
illustrated in Figure 18.

Plasma property surfaces are presented in Figure 19 for the cusped
and divergent magnetic field geometries with a discharge chamber length-
to-diameter ratio of 0.23. Comparison of the cusped field and divergent
field surfaces indicates the cusped field geometry generally results in
much more uniform plasma properties than the divergent field geometry.
The reduction in the radial plasma density gradient is clearly evident in
the cusped field design and this is reflected in the more uniform beam
profile of this thruster. The magnetic bottle effect is apparent when con-
sidering the plasma property variations near the center magnet pole piece
of the cusped field geometry. The general trends evident in Figure 19
were also observed when comparing the surfaces for the intermediate and
Tong discharge chambers,

The effect of the rear anode position on Maxwellian electron tempera-

ture and primary electron energy is presented in Figure 20 for the cusped

field geometry with a length-to-diameter ratio of 0.23. These date indicate

.
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a large reduction in the electron temperature occurred throughout the dis-
charge chamber as a result of moving the rear anode to the downstream 1
Tocation. The reduction in electron temperature is thought to be due to “
a depletion of the high energy (large cyclotron radius) electrons in the

Maxwellian tail as the anode is moved close to the magnetic field Tines in

k
the upstream end of the discharge chamber. The downstream movement of the b

anode also caused a reduction in the primary electron energy level. The ‘ h
primary energy effect appears to be more localized than the temperature
effect probably due to the longer path length of the primary electrons for
Coulomb collisions. The effect of anode position on the electron temperature
and energy as described above was found to be the same for all chamber
length-to-diameter ratios and both magnetic field geometries.

Langmuir probe data were used to calculate the volume averaged plasma
properties in the manner suggested in the Doubly Charged Ion Production
section of this repori. The results are presented in Table III for all
three chamber lengths, both magnetic field geometries, and both rear anode
positions. The average plasma properties can be used to explain most of
the double-to-single ion density ratio trends of Figures 16 and 17. For
instance, the Maxwellian electron temperature, primary electron energy, and ;
volume-to-surface area ratio are almost invariably decreased as the anode
is moved to the downstream position. This should result in a reduction in
the double-to-single ion density ratio and the experimental results of
Figures 16and 17 confirm this for all cases except the short chamber cusped

field configuration. The variation of the experimentally determined double-

to-single ion density ratio with discharge chamber length and magnetic field

geometry is not as easily correlated with the average quantities presented in

Table III. Those cases which seem inconsistent are probably due to differences
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VOLUME AVERAGED PLASMA PROPERTIES

Cusped Magnetic Field

Divergent Magnetic Field

Anode Position

Anode Position

L/D Property* Upstream Downstream Upstream Downs tream
0.23: T (eV) 4.7 3.05 4.9 3.8
i" (eV) 29.4 28.0 29.7 27.6
% o 4 x1019%en™3) | 0.94 0.76 1.03 0.92
0 x0T 0™y | 26.8 28.1 26.8 31.7
"' V/A (cm) 1.65 1.35 1.51 1.0
0.30] T_ (eV) 4.8 3.3 5.6 3.9
L £ (eV) 28.7 27.1 28.9 26.7
" npx10‘1°( n3) | 0.62 0.77 0.83 0.99
| 10 O(en™) | 26.2 32.7 24.3 29.4
w1 v/A (cm) é 1.82 1.63 1.48 1.36
0.53| T (eV) g 3.1 3.1 3.5 3.4
"l (eV) ? 22.5 24.1 27.0 19.8
k107%™ 0.56 0.47 0.57 0.58
e x10710(en™) | 28,6 27.2 27.7 33.5
"L V/A (cm) ; 1.93 1.93 1.14 0.81
* Tm - Maxwellian Electron Temperature
ap - Primary Electron Energy
”p - Primary Electron Density
Ny Maxwellian Electron Density
V/A - Volume-to-Surtace Area Ratio of Primary Llectron Reqgion

b 4 1 o
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in the plasma density existing near the screen grid. The data of Table III
also show a general tendency for primary electron energies and densities

to increase as the length-to-diameter ratio is decreased.

Double Ion Correlation

Double-to-single ion current ratios have not been measured at high
propellant utilization due to thermal expansion and subsequent shorting
of the grids which occurs when the thruster is operated for extended periods
at high power conditions. The double-to-single ion current ratios which
have been measured were obtained at a propellant utilization of about 85%
and were found to be less than 8%. Performance measurements at higher
power conditions suggest the ratio may go as high as 30% at a relatively
modest discharge power loss of 600 eV/ion. This large apparent double ion
ratio observed at the higher power conditions is observed with the cusped
magnetic field geometry but not the divergent field geometry (see Figure 15).
Some justification of the assumption that the cusped field thruster
produces a large fraction of double ions at the higher power and beam current
conditions can be made on the following basis. The shifts in the performance
curve observed with the typical cusped field thruster as propellant flow
rate is increased is illustrated in Figure 21. The performance curve at
low flow rate resembles that of a properly designed discharge chamber. That
is, the discharge losses are fairly constant until the "knee" of the curve
is reached whereupon the losses rise suddenly and a maximum propellant
utilization is reached at a high power condition. Increasing the propellant
flow rate causes the performance curve to shitt toward a higher maximum
propellant utilization. As the flow rate is increased even further the

steep portion of the curve beqgins to tlatten out and pr pellant utilizations

e
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of over 1007 are caleulated at the high low rate conditions,

AL a given discharge power one can evaluate the neutral loss rate
from a performance curve obtained at a Jow propellant flow rate where the
double ion density is assumed to he negligible.  Then assuming a constant
neutral loss rate at this discharge power in accordance with Kaufman's
mode][]SJ, the maximum propellant utilization can be calculated for each

flow rate by the expression

Thax ~ 1 7 Myges/M (2)

where n is the propellant utilization, m the total propellant flow rate,
and ﬁ1osc the neutral loss rate. From this maximum propellant utilization

and the measured utilization, one can calculate a double-to-single ion

density ratio assuming the difference in utilizations is due to the presence

of double ions. The double-to-single ion density ratio can be expressed in

terms of the measured and maximum utilizations by the expression

b4 | -y /l]
n max
J+> ) ﬁﬁ} -~yw,.33» (3)
Syt H -
' P ax

[f the double ion vatios calculaled in this manner correlate well with the
theoretical dependence on heam cievent . one can arque that the assumptions
made i wniving o the dens i by ralio ave valid and that Lhe excessive
weasured propelbant ut i ation. ave dae fo double ion. .
. [11] .
the doabbe-to - ngle von den by ralo can be Shown Lo a qood
approsimation to he o peopor Ciona ! o the cle bean nanber dens i by, The
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noand n by the conservation of charqge and thus one can write the follow-

ing relationship

+ ++
FToang T2t (4)

The beam current can be expressed in terms of the ion densities by the

expression

Iy nt 42/ttt (5)

For double-to-single ion density ratios less than about 12% the quantities

n+ + 2n++ and n+ + 2/§'n++ differ by less than about 67 and to a good

approximation one can write

W IB . (6)

That is, the double-to-single ion density ratio should vary almost linearly

with beam current at a given discharge power (eV/ion) as one varies mass

flow rate.

Double-to-single ion density ratios were calculated from performance

data obtained at various flow rates by the use of Lquations 2 and 3. The

calculations were made tor discharqge chambor length-to-diametey ratios ot

0.23 and 0.50 at a discharge power level of 600 eV/ion,  The double-to-wingle

fon density ratios obtained in this manner are presented as o tunction of

beam current in Fiqure 20, The linear variation ot the double-to-<ingle ion

density ratio with beam cinrent sugaeste the acoumpt o, made in Arriving

Lt
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at these results were valid and that the cxcessive propellant utilizations
measured at the high beam currents are due to the existence of significant

double ion populations in the cusped field discharge chamber.

Conclusions

Both the beam profile flatness and thruster performance are improved
as the discharge chamber of the single cusp magnetic field thruster is re-
duced to 63% of the SERT II thruster length. The beam profile flatness

parameter of this short discharge chamber is 0.70 when operating at 85%

propellant utilization (730 mA total flow) and a discharge loss of 250 eV/ion.

This represents a 407 increase in beam flatness over the SERT II thruster
at approximately the same propellant utilization and discharge power level
(eV/ion). Throttling the thruster to a 460 mA flow rate results in an
increase in the beam profile flatness parameter to a value of 0.82.

The measured double-to-single ion density ratio for the short chamber
cusped magnetic field geometry is 2.47% which is slightly less than the
value obtained for the SERT II thruster at comparable operating conditions.
The duuble-to-single ion density ratio is thought to increase to much higher
values at higher power conditions, but measuvements to support this theory
have not been made at the present tine.

The divergent magnetic field geometry was found Lo have a less uriform
beam protile than the cusped tield qgeometry for all three chamber Tengths,
However, the beam profile of the diverqgent Cield geometry was considerably
more uniform than the SLRT TT thvuster protide,

The bosition of the vear anode wae tound to have o igniticant ettect

on the Maxwollian oloctron temperature . HMevement of the veav anode e the

downs troam dives fion veeadb ted inoo bt eoant cedie bron an the doub le-to-
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| single ion density ratio due to reductions in the chamber volume-to-
k surface area ratio, the Maxwellian electron temperature and the primary
electron energy.
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An accurate knowledge of the icn beam half anqgle (”max) is of con-
siderable importance when applying ion propulsion devices to actual
mission situations. This angle, which defines the cone confining the
expelled ions, should be small to maximize the thrust at a given beam
current. It would be advantageous to know, not only what accelerator
geometries produce the lowest half angles, but also how the half angle
could be expected to vary as the perveance of a grid system varied due to
power variations during a mission.

Computer solutions are available, which predict ion optical trends
as a function of grid and accelerating voltage parameters, for a single
hole geometry.[]7] This experimental ion optics study was instigated to
verify the accuracy of these solutions by comparing them with results
obtained from actual single hole grid sets. Performance expected with
typical multiaperture grids was then investigated by using a nineteen

hole hexagonal array of approximateiy one cm2 area. This was assumed

adequate to model the adjacent hole interactions found in full size grid

systems.

Parameter Definitions

Throughout this report the qgeometrical grid parameters and symbols
used are consistent with those employed by Kauimdn[]7] and illustrated in
Figure 23.

These are listed below:

:q = separation between woreen and accelerator qride

dd = dianeter ot accelerator aperture(s)

d_ = diameter of woreen apertor e ()

)
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GRID SYSTEM PARAMETERS
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t(l = thickness of accolerator qrid

t = thickness of screen grid

v Kaufman effective acceleration length
detined by:

3 gl

R AN
.e~\gk(2)

tmax  Maximum ion beam half angle.

Throughout this section perveance calculations were nurmalized by
e
multiplying with the ratio (dgd‘ and grid parameters were nondimensionalized
S
with the screen aperture diameter (ds)'

Apparatus

A simple, mildly divergent field, & c¢m electron bombardment ion source
was constructed and operated on argon propellant for these tests. Tungsten
wire filaments were used as both the main and neutralizer cathode emitters.
The magnetic field was derived from a long solenoidal winding extending the
length of the discharge chamber, with a single lielmholtz coil winding
positioned at the chamber's rear. The geometry was such that the field at
the front of the discharge chamber was 6097 that of the rear. A cylindrical
anode was employed and stainless steel construction was used throughout.

The screen and accelerator grids used were fabricated from thin sheet
graphite. This material was casy to machine and wan available as a stock
item in the desired thicknes.wes,  ive contineter square plates containing
the qrid patterns were positioned on o masking plate which covered most
ot the downstream end of the discharge chamber,  The calculated variation
in ion density acroos the avea ol these grid patterns was teor than b

Variable sonavation of the grids wa achieved by uaeing boinomicoa washers

which were veplaced after cach data vun teoavoid electoical breabdown and




Targe leakage currents,

A1l tests were conducted in a 30 cm diameter pyrex bell jar pumped
by a mechanical pump in series with a 10 cn diameter oil diffusion pump.
The power supplies and associated volt meters and ammeters were connected
to the source in the manner shown on Figure 24A, The argon flow rate into
the source was sensed by a Hastings flow meter and displayed on a digital
readout,

Ion current density profiles were measured in the ion beam using a
movable probe rake composed of twenty 0.70 cm x 1.43 cm stainless steel
Faraday probe sensors whose output was sensed by the system shown in
Figure 248. The probe rake position relative to the thruster and the de-
tails of its construction are illustrated in Figure 25. Once the source
had reached stable operating conditions, the rake was moved through the
jon beam and brought to rest at that location where the current sensed
by one of the central probes peaked out. Current to each of the twenty
probes was then measured to determine the ion beam profile.

Operating Conditions

In order that as few variables as possible entered into the final
results, the ion source was operated at the following conditions for all
tests:

Arc Voltage 40 v
Magnet Current 7 A
Neutralizer Coupling Voltage OV
Probe Bids Voltaye -30 V

0.50 mA - single aperture tests
Propellant Flow Rate {

5.94 mA - nultiaperture tests
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o CGrid Vol tages B
|
’ Single Apervture Tests : Mul tiaperture Tests
o o [ Voo N I R
/ )
Evscreen ‘Vacce1! Vnet 1\Lot !R - et Vunrnen |Vncco1‘;vnet Vtot R = et
: , tot | g tot
R B e —
| i :
I 530 270 5751 845 1 0.680 255 300 { 555 | 600 0.500
!
{600 257 645 902 0.715 375 ;180 i 555 | 600 0.700
710 | 190 | 755 945 0.798 495 60 | 555 | 600 | 0.900
where V v =

= + + Y = +
net screen Vﬁheath Varg’ \tot Vnet |vacce1[and Vsheath
was assumed to be 5 volts. Beam currenl was controlled for the tests by

adjusting the cathode current and hence its emission. From this beam current
and the acceleration voltage and grid geometrical factors the normalized
perveance was calculated. Through the course of the data collection the
average bell jar pressure was in tho low 107" torr range for the single
aperture grid tests and the middle to high 10-" torr range with the multiple

aperture ones.

Ion Beam Measurements

[on beam profiles measured with the Furaday probe rake show two ion
populations are present in the beam--high velocity beam jons and charge
exchange or background ions. These two populalions averlap producing an
ion beam profile like the one <hown in Uigure 200 and it is necessary to
separate them ~o the beam ton teajer lories can be dedined.  Once the true
beam ion profile hay been idenlitiod, the halt angle of the bhean can be
determined.  In the present cose ihe obdecd wa o welect b half o angle
in such a way that if dedined o cone oo e, oy baena b g b the g ide

and tevminalbing ab ihe pobe ol o b b e Tooaod 9 Gl the hears cnueeond
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separation of the beam and chayg
tished by calculating the haige oo,
ting it from the measuved current io
ion current density was calaulatod o

Bohm ve]ocity[]gj and charqe exclnmge

coeschange fon carvents was acecomp-

dnge virento Lo ocach probe and subtrac-
ol came probe,  The charge exchange
Wice Lhe product of the ion charge,

ion-dens ity determined from Kaufman's

mode].[]gj The factor of two wu. teoirporated into this catculation be-

cause it yielded a current density equal to the measured charge exchange

current density at locations far fron

the ion beam centerline. The beam

ion envelope line was then extended in the manner suggested by Figure 268

to intersect the “harge exchange baseline and define points at the probe

rake Tocation which were used to calculate the desired half angle. As a

check on this procedure several current density protiles were integrated

along the charge exchange basel .o out to thewe intersection points and

this yielded a current that was 90'. af the measured beam current.  This

technique for half angle determinatio
aperture data. Consistent re-ully we
perveance range of operation, however
some scatter was evident. Iy thi. e

did not satisfactorily define the P

twas o applied to all of the multi-

© obiained over the middle to high
Jb the Tower perveance conditions
wal g vedqime a lineda extrapolation

WY Ton beam vegion because of the

poor focusing of the accelervator v lom o the Tow porveance..  As a result

the corresponding beam profile Look on o pranoiccd bowed appearance, like

that illustrated in Fiqure oo
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conic frustrum was shown to enclose 90% of the beam current consistently.

The diameter of the ion beamlets emanating from a grid pair was also
investigated. This was accomplished with a given single aperture grid pair
by increasing the beam current until a sudden increase in accelerator impinge-
ment current was observed. The onset of this increase corresponded to the
beam current and hence perveance at which the beamlet diameter was equal to
the accelerator aperture diameter. The test was repeated with different
accelerator aperture diameters to obtain the variation in beamlet diameter
with perveance.

The increase in impingement current with beam current at the onset of
direct impingement was less pronounced with the multiple aperture grid sets
than it was with the single hole geometry; making a beam current determina-
tion at the transition point more arbitrary. To circumvent this difficulty
and produce consistent results, the impingement current was recorded over
the range of beam current (perveance) variation. Plotting impingement
current against perveance and extrapolating the straight 1ine portion of
the curve, a baseline impingement current was obtained. The start of direct
impingement was said to occur at the beam current where the actual curve
had departed from the baseline by an amount equal to fifty percent of the
baseline current. The beamlet diameters were therefore equated to the

accelerator hole diameter at this perveance condition.

Results

The variation in ion beam half angle as a function of normalized
perveance for the single aperture grids is presented in Figure 27 with non-
dimensionalized grid separation distance as a parameter. Symbols used on

this fiqure are defined in Fiqure 23. Normalized perveance defined as
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(J/Vt3/?) (Qe/ds)7 and determined by Child's jaw h
3.03 x 10" amp/volt 3/

as a maximum value of
for singly ionized mercury, R in the figure is

the ratio of net-to-total accelerating voltage. Open symbols shown on

the figure correspond to experimental results and they are bracketed by

error bars to indicate the dccuracy of the results at various perveance

levels. The numerical results obtained by Kaufman[]7] for the single

aperture case are shown for comparison as solid symbols. The single

aperture experimental results are observed to follow the same general trends

as those predicted by the computer program solutions, but the experimental

Curves are shifted to lower perveance values. The magnitude of the pre-

dicted minimum half angle agrees quite closely with that obtained experi-

mentally. Unlike the theoretical solutions where this minimum occurs over

a8 narrow perveance range, centered about a valye of 1.5 x 10-9 amp/v01t3/?,

the experimental results show a fairly broad minimum, located around a mean

perveance of 1.0 x 10-9 amp/volt3/2, It is also noteworthy that theoretical

solutions could be obtained at perveances up close to the Child's 7aw Timit

but the maximum perveance that could be achieved experimentally by increasing
cathode emission and hence thruster jon density was considerably less,
Figure 28 shows the effect of the var

iation in accelerator grid aperture

diameter on the half angle vs. perveance plot for the single aperture case,

This figure shows that increasing the accelerator aperture diameter to a

value approaching the screen aperture diameter facilitates operation at

nigher perveance conditions. The one data point at a perveance beyond the

theoretical Child's Taw limit of 3.03 x 10=" amp/volt i/

This probably occurs becaus

is noteworthy,

e the plasma sheath position is not adequately

modelied by the pardmeter o Used in the normalized pervednce expression

and defined in Fiqure 23
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Figure 29 shows the effect of screen grid thickness on the shapes of
g these curves is minimal for the single aperture case. The data presented
K in Figures 27 through 29 served the purposes of 1) verifying the adequacy

of the computer ion optics solutions of reference [17] and 2) indicating

what values of the geometrical variables would be of primary interest for
the multiaperture experiments,

Results obtained with multiaperture grid sets which more closely model ' 1
actual thruster grid sets are presented as Figures 30 through 32 as a

function of the same variables and parameters as those used for the single 3

aperture grid data. Interactions between adjacent holes which occur when

the multiaperture grid sets are used, appear to result in no pronounced

% y departures from the general trends found with the single hole geometries. ;
% Here again a fairly broad perveance range at the minimum half angle was i
% o observed to be centered about a normalized perveance value of about |
o 1 x 107 amp/volt3/2. The half angle did not reach such high values at

Tow perveances as it did in the single aperture cases. This effect may

3u“ be due however to errors in interpretation of the ion bea files at

low perveance where the ion beam profiles were generally difficult to

analyze,

Some general observations apparent from the multiple aperture work are:

Al r

1. Decreasing the grid separation ratio dg results in a dramatic
5

increase in the magnitude of the minimum half angle but does

not change the shape of the curves significantly.

(a8

. . N l ¢
Increasing the accelerator hole diamoter at o con-tant dJ . ;

-
)

vesults in a signiticant increase in the maximm obtainab]e
perveance but does not change the minimum value of the halt angle.

An accelerator aperture to soreen aperture diameter vatio of 0,1
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represents a 1imit below which the preveance capability of the
grids is limited significantly,

d

)
3. Reducing the screen thickness for a constant Hg' and ~9-,

S dS

serves to broaden the minimum half angle region over a greater
operating perveance range. An increase in the maximum obtainable
perveance is also apparent, but a relatively small change is
observed in the minimum half angles.

t
A point worth noting was that while a 30% reduction in == from 0.185

dg

to 0.123 substantially broadened the minimum half angle range and increased
the maximum obtainable perveance, only a slight improvement was noticed in
both of these trends as the screen thickness ratio was reduced an additional
50% to 0.062. This suggests reductions in screen thickness ratio below
0.12 are not effective. The reason for this apparent lower 1imit is
associated with the position and shape of the plasma sheath relative to

the screen grid. For thick grids, ion recombination at the inner wall of
the screen hole acts to reduce the ion density in this region, which dis-
torts the sheath shape, reducing focusing. However it is possible that if
the screen is too thin, the sheath can no longer attach itself to it and
takes up a detached position slightly downstream of the grid. This slight
reduction in the actual value of ag, counteracts any focusing gains achieved
by not having a distorted sheath edge.

Plots of the beam diameter ratio ap-obtained with the single aperture
configuration are presented in Fiqure 33, They exhibit correspondingly
lower perveance values than those found in the computer solutions of
Kaufman,[]7] although the general trends agree. There is a marked differ-
ence, however, with the results for the multiple aperture grids shown in

Figure 34. Unlike those of the single hole, the data spread for the three

e e
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different net-to-total accelerating voltage ratios used is minimal and

the curves fall on essentially the same line. Also, the perveance values

producing a given beam diameter are considerably lower for the multiaperture
)

case. In both cases variation of the parameter 39- resulted in minimal

Do g S
scattering of the data.
Conclusions
- The computer solutions obtained by Kaufman for half angle variation

agree qualitatively with experimental results. Minimum half angles pre-

L?; dicted by the computer solutions also agree with those observed experi-
Lfﬁ  | mentally although the perveances at which these minima occur do not agree.
| For all the grid geometries studied--both single and multiple hole--the

¥ minimum half angle occurs consistently around a normalized perveance of

B 1 x 1079 amp/vol1t3/2, The magnitude of the minimum half angle of an ion
beam is reduced primarily as a result of increases in the grid separation
distance. The maximum obtainable preveance is increased primarily by
increases in the acceleration aperture diameter to values near that of the
screen grid. Reduction in screen grid thickness tend to broaden the
perveance range over which the beam half angle is a minimum down to the

point where the screen thickness is about 0.12 times the screen aperture

diameter.

Charge exchange ion production within the ion beam makes absolute
letermination of the beam half angle difficult. A better understanding of
the distribution of the charge exchange ion population needs to be ascertained

from further experimental investigation in this area.
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VISUAL OBSERVATIONS OF THE INTERIOR
OF AN OPERATING HOLLOW CATHODE

The hollow cathodes used in ion thruster applications consist of
a tantalum tube capped by a thoriated tungsten plate perforated by a
single small hole at the tube centerline. The mechanism by which this
device supplies electrons to sustain an arc discharge when mercury is
flowing through it is not well understood. Previous studies have shown
however that a plasma does exist within the tube[zo] and this suggests
processes within the tube, which are not generally observable, play a
significant roll in cathode operation. In order to facilitate observation
of the interior of an operating cathode and hence observe phenomena that
could lead to an understanding of cathode operations a 6.4 mm dia. hollow
cathode was equipped with a quartz window and tested in a vacuum bell jar

facility.

Apparatus

The apparatus used in this study and shown schematically in Figure 35
consists of a 6.4 mm dia. hollow cathode supplied with an orifice plate
having a 0.4 mn dia. orifice and fitted with a 1.6 mm thick by 1.27 cm
diameter quartz window. Through this window the interior face of the
orifice plate can be observed and photographed. The mercury flow rate
through the cathode orifice was requlated by controlling the current to
a standard SERT II vaporizer. The keeper was a wire loop positioned 1.5 mm
from the cathode tip and the anode was a 3 cm diameter cylinder made from
perforated stainless steel sheet metal. The cathode assenbly was equipped

with a tickler electrode to facilitate startup.  The cathode iteelt was

3




|
|
|
|
m
w
w

H3d3IIN—

~-72-

3QOH1VD

3gni 4334

>

~—____ MOGNIM
Z14vN0

VMG
INVI13d0dd

STRUCTHRE

SUPPORT AND VIEHTHG

CATHODL

vi

P TGURE




———

~73-

bare (no insert) and the interior surfaces were free of irreqgularities
visible to the naked eye. The temperature at various locations on the

interior face of the orifice plate was measured using an optical pyrometer.

Emissive Material Depletion

Low work function oxides, generally in the form of Chemical R—SOOt
are used inside a hollow cathode to facilitate startup and subsequent
operation at acceptably low temperatures. There is evidence that this
material may become depleted particularly if the cathode is operated at
the high temperatures encountered at high arc current operating conditions.
The phenomenological changes which accompany depletion are of interest and
were observed in the following test.

A new cathode with no insert was treated with a very small amount
of R-500 (diluted tenfold before being added by a damp fibre dobber through
the opening left when the window was removed). This cathode was then
operated for about 135 hours at a high arc current (7A) and the interior
orifice plate face was photographed and surveyed with an optical pyrometer
periodically to determine changes in its condition. Review of these data
suggested the initial R-500 loading had been insufficient and had depleted
after a few minutes of operation. A Targer amount of R-500 was then added
(undiluted from a damp fibre dobber). This addition caused a dramatic
change in cathode operating parameters followed by a qradual return (over

a 24 hour period) to those conditions existing before the final R-500

addition.
The »ffect of R-500 addition and depletion on cathode operating
* . ' .
Jo T Batey Chewical Co,y Phillip-burg, How Jdm ooy,
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parameters and cathode appearance is shown in Figure 36 and its accom-
panying captions. The captions show for example that the new cathode
shown in the first column of photographs (probably without significant
R-500 but with thorium present in an undisturbed state) operates at an
interior orifice plate temperature of 1370°C to 1200°C at an arc voltage
of 17v and a keeper voltage of 11v (the temperature range given is that
observed from the edge of the orifice itself to the outer edge of the
orifice plate). After the 135 hour operating period R-500 was added

and the temperature dropped to 1190°C to 1090°C, the arc and keeper
voltages to 11v and 4v respectively and the cathode appeared as shown

in the second column. After another 24 hour operating period and R-500
depletion the temperature rose to 1520°C to 1500°C, the arc and keeper
voltages rose to 40v and 14v respectively and the cathode appeared as
shown in the third column. These final conditions and the cathode
appearance were similar to those observed just before the R-500 was
added (after the 135 hour operating period). The photographs were ob-
tained through a red #29 wratten filter and a 17 neutral density wratten
filter using Ektachrome EX-135 film. The photographs can be interpreted
if one considers the strong spectral lines of the elemerts present and
the transmissivity of the filters at the wave lengths of these lines.
The strong spectral lines listed in Table IV were determined by viewing
the discharge through a hand spectroscope, and it was found that the
depleted cathode showed only the mercury Tines while the treoted cathode

showed the additional Vines characteristic of the barium that iv oan active

ingredient of chemical R-500, A veview of Table 1V wuqqe<st the red filter

should pass no cigniticant vadiation brone the merouey, e red phovographe

hould however whow the Tocation of oxeited b i newvtrals and ot course
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5460A 2000 07 .97 i

4797A 0% .8%

(8]

4358A 3000 0% 6% 1

thermal radiation from the hot cathode surface. The neutral density filter
photographs should on the other hand show the location of the excited
mercury neutrals whose radiation lends to dominate in the plasma. When
some barium is present it can be seen on the cathode centerline (red

filter photographs 1 and 2) but when it has been depleted the orifice
appears black (red filter photoyraph 3). The neutral density photographs
show the continuum radiation from the orvifice plate becoming so intense

when the R-500 is depleted (colum 2) that it tendsw to overpower the

1
mercury radiation and -how throudh o ovdange, The pattern ol this orange i
1

radiation can al-o be ween on the oviainad ved Tidter photographs but it
i« not visible in the reproduc Cions included heve, This patlern is ;
i

apparently velated to o variaiion anosuviace tesbure of the oribice plate
produced durving manutac e,

Phoese phologe aphes e i ihod Dot o atek o e preeend i the cathode
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region plasma when R-500 is present and this in turn would indicate barium
migration takes place during cathode operation. An additional verification
of barium migration was observed during the first few minutes of cathode
operation after R-500 addition. Initia]ly,intonse]y radiating spots were
observed through a red filter al Tocations where the R-500 was added,

Some of these spots appear in the second red photograph of Figure 36 for
example. After about 20 minutes of cathode operation these spots had
disappeared and the orifice plate appeared to radiate quite uriformly

through a red filter.

Effect of Arc Current Variations

At one point during the photographic study of an operating cathode the

arc power supply current output was oscillating between ~ 0.5A to 2A on a
period of about a minute. Observation of the interior orifice plate sur-
face through a red filter during this time showed that the entire orifice
plate heated up when the arc current was high and then when the current
suddenly dropped to one half ampere the radiation persisted for a period

of about the thermal time constant before it decayed. The shape of the
radiation patterns and the nature of their decay with time is suggested

in the following sketch where early patterns (solid lines) and later

patterns (dotted lines) are identified. This observation leads one to the
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conclusion that the entire interior ovifice plate participates in the
emission process rather than some wmall localized spot such as the orifice

region,

Cathode Emission Mechanisms

The Richardson-Dushman equation, which can be used to calculate
thermionic electron emission from a surface, has generally yielded electron

emission current densities based on measured external orifice plate

temperatures that are too low to explain measured cathode emission currents.

If one uses the internal orifice plate temperatures measured in this test
series for an R-500 treated cathode (1100°C to 1200°C), a work function
typical of a barium on tungsten surface (1.6 eV) and a Richardson equa-
tion coefficient of 0.015 x 10" A/m”°K’ the calculated emission current
density is found to be 3.8 x 10" to 11 x 10" A/m”. Since the entire
orifice plate was suggested in the preceding section as partici-

pating in the emission process it is logical to use the interior surface
area of the orifice plate as the emitting area and this leads to an emis-
sion current of 1.2 to 3.4A. Since the cathode was operating at 7A this
model again appears to be inadequate. A second experiment performed with
an internal heated emitter provides however a ciue to the source of addi-
tional current. This test demonstrated that a heated emitter within a

6.4 mm dia. cathode could effect an arc current to an external anode which
was two to three times the emission current of the emitter when the emitter
was held at cathode potential. This two to three fold amplification of the
emission current suggests the calculoted thermmionic emisaion current would

be amplified to an arc curvent fevel of 204 to 1T0,60A,  Thiv calculated
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current level does bracketf the measured 7A current and this suggests the

emission mechanism in a hollow cathode invoives thermionic emission coupled

with a plasma amplification effect. As barium depletion occurs and the
plate temperature rises to 1500°C to 1600°C this model suggests the surface
work function would have to increase to about 2 eV to effect the 7A arc o
current assuming the thoriated tungsten Richardson coefficient of 0.04 x 106

- A/m2(°K)2. This is reasonably close to the 2.7 eV work function of

thoriated tungsten.
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COLD CATHODE STARTUP TESTS

Cathodes which can be started reliably from cold conditions should

facilitate a reduction in the propellant Toss during startup. A preliminary

study of means of achieving mercury hollow cathode startup from tempera-
tures below 100°C was therefore conducted. The methods used to approach
this task are descrived and tests conducted with 6.35 and 3.2 mm cathodes
are detailed in this section. Cathode starting performance using internal
and external electrodes and flow variation was determined. Ranges of

cathode starting parameters are discussed using these configurations.

General Approaches to Cathode Starting

There are several methods that are available for initiating cathode
operation. Briefly, the basic methods are:

1. Lower the work function: This approach is generally accomplished
by materials selection. Low work function materials are provided on the
surfaces of the cathode or impregnated in pores within the cathode com-
ponents to insure the availability of this active material throughout
the desired life of the cathode.

2. Increase the voltage stress: There are several alternatives to
this approach. Shaping and positioning of the electrodes can significantly
increase the voltage stresses. Movable electrodes can also be used.
Increasing the applied voitage to existing electrodes as well as intro-
ducing high voltage pulses on auxiliary (or tickler) electrodes have
been used. High frequency alternatina potentials can also he appiied.

3. Decrease the breakdown potential: !ligher cathode flow rates or
mechanical obstruction of the normal Flow serves to decrease the hreak-

down potential by increasing the qas prossure in e propellant flow field.
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4. Increase the temperature: For the purposes of these tests the
cathode was to be cold, but it was assumed under this ground rule that
small metal emitters that could be heated rapidly to emissive temperatures

at low power Tlevels would be acceptable.

Apparatus and Procedure

A 6.35 mm diameter hollow cathode having a 1 mm diameter orifice was
modified to facilitate evaluation of several of the approaches described
above. Figure 37 is a cutaway sketch of the first of the configurations
tested. The emitter coil and spike axial anode were operated as a diode
pair at various bias conditions and both electrodes were also operated and
biased independently. Figure 38 is a cutaway of the second configuration
tested. The axial, 0.25 mm diameter, 10 mm long tungsten emitter was
operated ucing the co-axial cathode wall as the anode. As both of the
figures suggest the cathodes were mounted on a fitting containing a quartz
window to allow viewing the internal cathode surfaces and electrodes
during testing. No insert was used but an R-500 coating was applied to
the inside face of the orifice plate. An external keeper was used with
both of these configurations as was a tickler electrode on which a 12 kv
potential spike could be applied. These configurations allowed preliminary
testing of a Targe number of startup concepts without altering the cathode
emission surfaces as a result of exposure to air,

The general test procedure required stabilization of the flow rate
(vaporizer temperature) while keeping all cathode hardware above the con-
densation temperature of mercury. This could be quite accurately accomp-
lished by eliminating visible condensation from the internal cathode and

window surfaces. The keeper potential was set at 400 volts end if an
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internal emitter was usod it wan wol ol g power fevel that provided one
amp internal emission. Cathode o Uarting teote wopre then conducted, and
a tentative best starting technique was selected by making comparisons
of the results.

Final tests were then performed on the enclosed keeper 3.2 mm dia.
cathode assembly shown in Figure 39. This confiqguration allowed testing of i
the tickler concept and an axially inserted internal electron emitter.
Since the primary interest of the prograin was the 3.2 mm enclosed keeper
cathode, tests conducted both the 6.35 mm and 3.2 mn dia. cathodes covered 3

the 187 to 4 mA flow rate range considered typical of the 3.2 mm cathode.

Results and Discussion

The tests on the configuration ~hown in Figure 37 were brief and

consistent. Biasing the internal «pite anode positive with respect to the
cathode resulted in immediate vaporizaiion of the anode. Using this anode
as an internal tickler resulted in rapid starts tollowed by the need for
spikz anode replacement. The ewiller coil produced diode operation when
heated and biased negative with respect to the cathode wall and startups
were achieved. Operation of the internal emitter was sporadic, however,
with either very low current, high voltage (Y0V) discharges or heavy
discharges at under 10 volt- accmving. the caoils of this emitter were

very difficult to center with voope b io e cathode wall and this i4 con-

sidered to be the probable caue o0 e con .o tond reasults .

The confiquration ~hown in iguie 5 gave ool lont starting charvacter-

istics during the initicl oot and 10 wa o ol Lo oo the dinternal ayrandge-
ment for the primory orice, or i 6 Peecpeec by e ad s hovny 't j
7‘(,’“(”)!(,‘ Starts, (("H](I viand iy b . o oo bty Ty inil-in.sl ,|.j,|| !
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emitter and the external tickler at cathode flow rates qreater than 200 mA,
and it was therefore decided that the most meaningful comparisons of these
startup techniques would be obtained at flow rates below this value,

The tests were begun by establishing the desired flow rate and then
raising the cathode temperature above the propellant condensation 1lim;t.
This 1imit was found to be at indicated temperatures ranging from 135 to
160°C. This band was inferred by observing droplet disappearance and
vacuum system pressure surges which occurred when the vaporization temperature
was reached. Tests conducted with non-condensable propellents showed that
room temperature (~20°C) starts could be achieved routinely, but temperatures
above the condensation 1imit were required before startup could be achieved
with mercury.

When the internal emitter was used for startup, emitter heater power
was switched on to the preset value to start the cathode. After the keeper
discharge 1it (rarely longer than the time constant for emission from the
internal cathode) the emitter heater power was shut off. At cathode flow
rates Tess than 200 mA the cathode was self-extinguishing at keeper currents
in the neighborhood of 0.2A without internal emission. After extinction,
startup was reinitiated immediately and these cycles were continued as the
tip temperature siowly rose from 150°C to 250°C. At 250°C starting cycles
were terminated until the tip temperature had cooled to 150°C and the
starting cycles were then repeated. These startup tests were conducted
for flow rates of 1./, 140, 95, 45, 30, 10 and 4 mA equivalent. At all of
the flow rates the cathode started every time the internal emitter was
turned o if the emission level was ac least one amp.

The etfect of tip heater power was brictly inveutigated at (low rates

below 10 mA. At tip temperatures above 10007C operation could be suctained

i it ﬁ
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occasionally but the discharge was not stable without intevnal emission.,
Figure 40N show. the variation ol keeper potential with internal emission
for several flow vales when the intere enmilter was biased 10 volts nega-
tive. As the flow rate was decreased, the internal cmission required to
maintain the keeper voltaqe at acceptably low values increased. Each flow
rate has a distinct mininum keeper voltade (horizontal asymptote) at a
given internal bias. Figure 40B shows the effect of internal emission on
keeper voltage for 10 and 30 volts internal bias at the lowest flow rate
tested (4 mA). The keeper voltage decrease with changing internal bias
was greatest at the low flow rate and was hardly noticeable at higher flow
rates. In all cases, starting was critically dependent on sufficient
internal emission. Although at least one amp internal emission was re-
quired to start the keeper discharge, operation of the cathode could be
sustained at any flow rate tested at an internal enission of 150 mA.

The capacity of the keeper power supply is, of course, critical to
startup under many cathode condilions. The 400 volt starting potential
was low enough thet cathode ignition would nol occur reliably using the
tickler electrode at flow rates below about 10 mh. This condition existed
because there was not enouqgh energy stored in the civeuit to sustain the
discharge. Keeper potentials of 200 to |00 volt. were sufficiont however
to maintain operation voing o Cicbler Start at all of the Flow rates in-
vestigated.,

Two other inLeresiing ol oot wero obeeg vid during the s Ling tosts,

1) Duving high Lemperatee operalvon, bacrom appavent by mipated Lo the

non-operating internal cooi Gor s The wa oo L dalod 1rom Fhe nex b omid Lo
slbavl attempt o whioh s nvariobdy oo “on bt on 1 witho apidly
decreaing omi o ion ol o v e IR I R oo the ey
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condensation limit, the internal cmitler, duc Lo its Tow mass and Tesser
thermal lag, collected mevcury. This wa, postulated from the next emitter )
start attempt which would he an "inutanl on' wtart with a one decade
pressure pulse of very short duralion secn on the vacuum instrumentation.
A 3.2 mm diameter enclosed keeper cathode was also tested. The
cathode was operated, as supplied, with no insert and free of emissive

material. At mercury flow rates of about 100 wA and keeper potentials ‘ -*

of 500 volts, startup from cathode temperatures just above the condensation
limit wore demonstrated using a 0.25 mm diameter high voltage tickler.

The tickler was positioned at the edge of the keeper orifice, 1 mm down-
stream with the axis of the tickler wire parallel to the cathode axis.

(See Figure 39). Attempts to achieve startup at lower flow rates or

temperatures were generally not successful. Increasing the keeper potential

above 500 volts resulted in breakdown thrrough the aluminum oxide keeper

e o AR

support tube. The 3.2 mm cathode support olbow was modified to allow the

introduction of an internal emitter ¢s shown in Fiqure 39. The axial tube

e e e

mounting method was required because of the small bore of this cathode.
Because nf tho closely-spaced qeometry, the alumina emitter supports fused
during each run. Operation could nol bu sustained for sufficient periods

to allow data to be taken. Additional operation with the 3.2 mn cathode and

internal emitter was abandoned. The engineeving difficulty associated with
implementing the emitter in thi. i cathode was beyond the scope ot the

present effort.

Lifetime Observation:
Although extended Tife te b were not included thin ceftort, the

cycling capabilition ol the internal cmiftor weve ol allicient intered
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to 1og the number of starts., After the preliminary tests were conducted
and the procedures described previously were established, a new internal
emitter was installed for the remainder of the tests. The emitter was
used to make repeated cathode starts during the periods when the flow
rates were being stabilized and measured. During the course of this pro-
gram a single emitter accumulated 5100 starts. Failure of the emitter
occurred during a Monday morning startup at a power level 1/4 to 1/3 of

the normal operating power. None of the characteristics of the 0.25 mm

diameter tungsten emitter had been observed to change prior to this failure.

The primary significance of the cycle testing is that an unoptimized,
first-try configuration achieved over 5000 cycles when operated in a vacuum

system that was shut down every night over the ten day period of the tests.

Conclusions
Cathode starts can be achieved at temperature level:z down to the
condensation temperature of the mercury propellant prevailing at hollow

cathode pressures (135 to 160°C). The most successful means of starting a

6.35 mm diameter cathode was through the use of an internal 0.25 mm diameter,

10 mm long tungsten emitter which was biased negative with respect to the
cathode wall. Successful starting and operation was achieved at propellant
flow rates down to 4 mA equivalent.

An external high voltage (12 kV) tickler was the next best starting
method for this cathode and the only method that worked successfully in the
3.2 mm diameter cathode. Below a 30 mA flow rate limit, higher keeper

potentials were required to sustain a tickler initiated start.
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ION THRUSTER HOLLOW CATHODE PLASMA CHARACTLRISTICS

The plasma inside an operating 0.32 cm diameter hollow cathode has
been probed by Fearn, Philip and Pye.LZO} In order to verify their
results and also to determine ii the probe used in their study altered
the characteristics of the plasma in their rather small cathode a similar

. test was conducted under this grant using a larger diameter cathode. A
0.63 cm diameter cathode having a 0.38 mm diameter orifice was outfitted
with a stationary Langmuir probe located on the cathode axis in the manner
suggested by Figure 41. The cathode itself was supported by a structure
provided by a quartz window in the manner suggested by Figure 35. The
interior side of the cathode orifice plate was coated with chemical R-500
for the test, but no insert was installed within the cathode.

The Langmuir probe was 0.13 mm in diameter and 0.46 cm long and was
made of tungsten wire. It was biased using a battery circuit and the bias
voltage and probe current (sensed across a 100: resistor) were fed to an ’
X-Y recorder. Langmuir probe data were analyzed using least squares ex- i
ponential curve fits to the data in both the electron decelerating and
accelerating voltage regions of the probe traces. A thin sheath analysis
was used in spite of the fact that the sheath thickness may be comparable 4

to the probe diameter at some operating conditions. This assumption while

it may introduce as much as two-fold evror in celectron density should not 1
affect electron temperature or plasma polential significantly.,
Results

As data were collected and the time the probe had been exponed to the

plasma increased the probe charvaclevisticon were obuerved to change presumably
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because of probe contamination. Attempts to clean the probe by biasing
it to either +45V or -45V using a battery were not successful although
the prooe was observed to be heated to incandescence by electron bombard-
ment when it was biased +45V. This contamination appeared to occur more
rapidly as arc current was increased and was presumably caused by con-
stituents of the R-500 mix which was present. The contamination problems
prevented exter-2d operation of the cathode and accurate determination of ' f
mercury flow rates but some data could be collected before contamination j
became sevz - Figure 42 shows for example the variations in plasma ;
properties with arc current determined from Langmuir probe traces before
contamination became significant for an approximate mercury flow rate of
100 mA. The magnitude of the electron densities and temperatures are
observed to be in good agreement with thoce measured by Fearn et a1.[20}

The trends shown are considered qualitatively correct.

Conclusions

In view of the fact that essentially identical plasma properties have
been measured in both 3.2 mm and 6.4 mm dia. cathodes it is concluded that
the Debye snielding distance in a&n operating hollow cathode is sufficiently
small to facilitate the collection of meaningful Langmuir probe data. Probe
contamination due possibly to the constituents in the emissive mi» present
can introduce signitficant errors into the measurements. The plasma potential,

electron temperature and electron density within a hollow cathode 1lie

typically in the range of 4V, 0.5V and 10'%~ " respectively.
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HOLLOW CATHODE STEPRPED ORI TGE S TUDY

It has been postulated that eleciion cwmission occurs as a result
of a surface emission mechaniom on the intevior ol an ion thruster
hollow cathode operated on mercury; thal Lhe emission current density has
a constant value in the range 20 Lo 50 A/om: and that the emission occurs
in the vicinity of the cathode or'iI’ice.[jm’»J As emission current is in-
creased then this mechanism simply requires an increase in the emitting
surface area. Fearn, Philip and Pye[zo] conducted an experiment utilizing
a cathode orifice that was stepped to a larger diameter part way through
the orifice plate. They found this step introduced a corresponding transi-
tion in the emission current/voltage characteristic of the cathode. 1In
order to verify this experiment and to observe visually the existence and
motion of this emitting surface as arc current is increased a similar ex-
periment was conducted. A cathode having the t-io step orifice configuration
shown in Figure 43 was constructed and installed on a fixture containing a
quartz window in the manner suqggested in Cigure 3%, The cathode interior

was not provided with a cathode insert but was coated with R500,

Results
Figure 44 presents plots ol ave cmvent v, arc voltaye obtained in a
stepped orifice cathode operating ot theeo ditfovent mass low rates.  The

data were obtained by slowly incveang the voltage applicd Lo the anode

and plotting the output on an 20y voverder . Tach ol of data wan collected
at a keeper current of O,°A0 The ooy i dhe ond of el curve indicdte
the Lendency of curve when The woli oo o0 i fnad point hown wa. 1eached,
For the hif]h('v‘ 1o calo bt horge oo 5 i b b e anederwend
a transition to o Tow voliao aad g g it a0t L voltage
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and current being determined by the current limiting characteristic of the j
arc power supply. At the intermediate flow (Fiqure 44B\ the arrow indi- *
cates the occurrence of an oscillation with a character again determined
by the power supply. At the low flow rate (Figure 44C) the arc current
continued to increase gradually with increases in arc voltage. The break
in the curve of Figure 44B and the peak arc current condition of Figure 44C ‘
were characterized by a transition in the external discharge. At voltages *
above these values the plasma was observed to radiate throughout the bell
Jjar whereas at lower voltages the plasma was observed only in the region 3
between the anode and cathode. The data of Figure 44 show no evidence of 3
any transition in the emission current voltage characteristics that might
be associated with movement of an emitting surface to the geometrical steps
in the orifice.

Observation of the plasma within the hoilow cathode through red and
neutral density filters indicated the intensity of radiation from the
plasma increased with arc current, but there was no evidence of an emitting
surface that increased in area over the cathode orifice region as arc cur-

rent was increased.

Conclusion
Arc voltage/current characteristics and visual observations of the

interior of an operating stepped orifice cathode do not support the theory

of a constant current density emitting surface which exhibits an increase

in area ¢s arc current is increased.

e




APPENDIX A
SINGLE AND DOUBLE ION BEAM CURRENT DETERMINATION
John R, Beattie

Nomenclature
A0 = grid viewing area (0 = 0), m2
Ap = probe aperture area, m?
Ae = grid viewing area (9 # 0), m?
f(e) = correction factor
i(r,0) = probe current, A
I{r) = current crossing measurement plane, A
j{r) = current density at grids, Am~2
J(R,0) = current density at measurement plane, Am=2
L = distance from grids to measurement plane, m
r = radial coordinate measured from beam centerline, m
rg = grid radius, m
R = radial coordinate measured from center of circular viewing
area, m
0 = probe pitch angle, °
= dispersion angle, 0
Dnax - positive dispersion angle, ©
Ynin - negative dispersion angle, °

probe acceptance half-anqgle, 0

N ———
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Introduction

The determination of the single and double ion beam currents
requires viewing a point on the grids from several different angles
since the jons leaving the accelerator system follow trajectories which
are not parallel. That is, the single and double ion dispersion profiles e
must be determined as a function of the thruster radius and this can be
accomplished by the use of an articulating E x B momentum anaiyzer.[z] ei
This appendix presents the derivation of the equations which are used to

transform the momentum analyzer output into integrated single and double ;

ion beam current components.,

Beam Current Equations

The E x B mcmentum analyzer nrobe is used to measure the current

leaving a small area of the grids as a function of the dispersion

angle 0. The probe is pointed at a fixed area of the grids at different
angles and the current due to jons leaving this area at each of the angles
is detected by the probe. When the probe is positioned at o = 0 the i
viewing area is circular as illustrated in Figure A1-B. With the probe

at any other angle o the viewing area is elliptical as indicated in

Figure A1-C. To account for the associated area change the current density

at the analyzer plane is weighted by a factor f(o) which is equal to the

ratio of the circular to elliptical areas. For simplicity in the deriva-

tion which follows, the probe entrance aperture plane is assumed to

remain a fixed distance L from the plane of the grids as illustrated in g

Figure Al-A. 5
The don curvent density at the measurement plane JJ(R,«) s

calculated from the probe current i(r, ) and the probe aperture ared A“
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by the relationship

J(R,0) - Hraf(e) ()

The current crossing the measurement plane as a result of jon injection
from a circular region on the grids at a radius r fis obtained by integrating

this current density over the signal area at the measurement pilane

I(r) = f‘J(R,o) . ndA
(A2)
= /J(R,o) cus o dA
where
dA = 24RdR .
From Figure Al we see
R =1 tan n
and
dA = 24l sec” oltan oldo . (A3)

Since the dispersion profiles are generally not symmetrical about o = 0,

the integration is carried from o = to o = and the result is

0, )
min max

divided by two to obtain the current I(r).
The ion current density at the qgrids is obtained by dividing the
current crossing the measurement plane by the darza from which the current

teft. That is,

i(r)  1O/A (A1)
fhe ion current can he obtained by integqrating the curvent density ove
the grid avea by uae ol the edppression
FE OO o SO = .3 ]
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I = f;g 2urd(r)dr (A5)

where rg is the grid radius. Implicit in Equation A5 is the assumption

of azimuthal symmetry. Combining equations Al, A2, A3, A4, and A5 gives

the integral equation for the beam current

2 2
= 2rl [ fmax ri(r,0)f(o)|sin o|sec? o dedr (A6)

min
The function f(e) can be derived by use of Figures Al and A2,

The circular viewing area Ao is given by

A0 = L2 tan? y . (A7)

The elliptical area Ae is

p -rk2tany [tan (o +y) - tan (o - )] (A8)
0 2 cos{sin-l[tan (6+v) : tan (e-w)]}

Equation A8 can be simplified by use of the following approximate

relation which introduces an error of less than 1% for dispersion angles

less than about 25°

« «L? tan y[tan (oty) - tan (o0-y)]
Ay = 2 cOS 0 ' (A9)

The correction f(o) is obtained by combining Equations A7 and A9 to give

f(n) AO/A

i

0

ti e

~_2.cos o tan y . (A10)
tan A(.'\+1‘h) - tan (”-lll
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Data Acquisition and Reduction Technique

Analyzer probe current data i(r,0) were obtained in the following
manner. The analyzer plate voltage was adjusted to allow detection of
the desired jon current component. The probe pitch angle o was set to
within 0.05° of the desired value with a stepper motor and the probe was

swept vertically through the icn beam from r = —rg to r = r_ by means of

g

a motorized drive assembly. The output of a linear potentiometer was used

to monitor the vertical position of the probe and this signal along with
the analyzer output was recorded on an X - Y plotter. The probe pitch
angle was then increased by a 5° increment and the procedure repeated.
Since the beam is assumed axisymmetric, the probe angle can always be of
the same sign and the positive or negative dispersion angles are de-
termined by r > 0 or r < 0. This reduces the number of off-axis probe
pitch angles by one half which reduces the data acquisition considerably.
Data reduction consists of digitizing the plotted data for input to
a digital computer program which performs the double integration of
Equation A6 by numerical means first for the doubly charged ion data and
then for the singly charged ion data. The ratio of these two currents is
then the double-to-single ion current ratio. Ion dispersion profiles are

also determined using Equation A1 for the single and double ion data.

O




APPENDIX B
LANGMUIR PROBE ANALYSIS

John R, Beattie

The Langmuir probe data presented in this report were analyzed by
the numerical procedure of Reference [10]. These results generally
ind.cate higher Maxwellian electron temperatures and lower primary to
Maxwellian electron density ratios than earlier results which were ob-
tained by graphical methods.[23] The purpose of this appendix is to
explain these discrepancies and to point out the large errors the
graphical procedure can introduce when the electron temperature is
greater than about 4eV.

In the retarding field portion of the Langmuir probe trace the
two-group plasma assumption predicts the following current-voltage

relationship“o:l

I =B, + B,V +B;exp (B,V) (B1)

where [ is the probe electron current, V the probe voltage, and the
constants 81 are determined by the plasma properties. Introducing

these properties, the expression above can be rewritten in the following
nondimensional form

I n

V- g
g——— £ ;._.”__ - ( : -} + vV ) + exp < e B ( 32 )
Lsat M 4Tm‘\'p b T

where np and n, are the primary and Maxwellian electron densities,
Ap and Tm the primary electron enerqy and Maxwellian electron tempera-
ture, ’p the plasme potential, and 1(,]t the Maxwellian electron

yeb

saturation current.  Representative vilues of the propertio, ”p/“m’
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oy and +p are presented in Table Bl for a mercury electron-bombardment .
§

thruster. Using these values, Equation B2 was used to calculate

3
TABLE B1. ASSUMED PLASMA PROPERTIES
;;;;;}ty ] Assumed Value
np/nm 5%
cp 30eV
¢y 40V

dimensionless current as a function of probe voltage for various electron
temperatures. The results are presented in Figure B1 which indicates the
variation of total and primary electron current with probe voltage for
three values of the Maxwellian electron temperature. Figure B1-A corres-
ponds to a fairly low electron temperature of 2eV and we see the primary
and total current lines are tangent (i.e., the Maxwellian current is very
small) over a large voltage range. Graphical analysis of these data

should therefore yield good results. Figure B1-B is for an electron
temperature of 6eV and we see at this higher temperature the two curves

are never tangent. Analysis of these data by the graphical technique would
result in erroneous plasma properties since the method requires the primary
current line to be tangent to the total current line. To estimate the
amount of error one might expect, the dashed curve labeled A-A in Figure
B1-B was drawn tangent to the total current line in such a manner as to
give the correct primary electron energy. Analysis of these data using

the line A-A a. the primary current vesulted in crrors in the primary
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electron number density, Maxwellian electron tewperature and density of
160y., 20%, and 1%, respectively. Figure B1-C indicates how the problem
becomes even more severe when the electron temperature is increascd to

10 eV. The line labeled A-A in this figure is drawn tangent to the total
current curve and gives the correct primary electron energy. However, in
the accelerating field region of the trace the slope of line A-A is greater
than the slope of the total current curve--a condition which is not reason-
able physically. In order to obtain a realistic solution in the accelerating
field region and still satisfy the tangency condition, a primary current
line such a B-B might be used but this also introduces an error in the
primary electron energy. Graphical analysis of Figure B1-C using the

line B-B as the primary electron current resulted in errors in the primary
electron energy and density, and Maxwellian elcctron temperature and density
of 13%, 307%, 35%, and 9%, respectively.

The numerical procedure (10] for analyzing Langmuir probe data does
not impose the tangency condition of the graphical method and, as a result,
does not introduce the large errors described above. For comparison pur-
poses the total current curves of Figure Bl were digitized and analyzed by
the numerical procedure. The plasma properties determined in this manner
were found to be in error by less than 15" in the worst case.

The curves of Fiqure Bl indicate the qraphical procedure will intro-
duce significant errors in the plasma properties when the Maxwellian
electron temperature is greater than about 4eV. The error introduced will
in qeneral result in higher primarvy electron densities and lower Maxwellian

plectron temperatures than the true value.

T
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